Introduction
Legionella species are rod-shaped gram-negative bacteria ubiquitously found in freshwater environments and manmade environments such as hot water systems and cooling towers and are the causative agents of Legionnaires' disease, a disease named after the first documented outbreak, during an American Legion Convention in 1976 [1, 2] . Legionnaires' disease results mainly from the inhalation of aerosols containing the bacterium Legionella, and less commonly from the aspiration of drinking water [3] . Legionella is not usually transmitted from person to person and only one probable person-to-person transmission has been reported [4] . Legionnaires' disease represents 2 to 20% of community-acquired pneumonia cases [5] . The majority of cases are reported as isolated and sporadic cases, and clusters (cases associated in space and time) and outbreaks (clusters with a suspected common source) can also occur. Among the 60 species and more than 70 serogroups of the genus Legionella, the majority of cases of Legionnaires' disease in Europe and the United States are caused by L. pneumophila, and especially the L. pneumophila serogroup 1 [6] . Beyond the screening and diagnosis of Legionnaires' disease cases that can be performed with urinary antigen tests, the identification of Legionella species, serogroups and subtypes in clinical and environmental samples should be performed with monoclonal antibody subtyping (mAbs) and sequence-based typing (SBT), which are of particular importance for epidemiological purposes.
We describe here the largest documented outbreak of Legionnaires' disease in Switzerland, which occurred in the Canton of Geneva between 20 June and 12 September 12 2017. The outbreak of pneumonia was detected on 2 August 2 2017 when the Geneva University Hospitals (HUG) notified the Public Health Service of Geneva of eight positive Legionella urinary antigen tests from patients with pneumonia, all of whom resided in the Canton of Geneva, over the period of 28 July to 2 August. In contrast, a mean of 19.4 cases per year (range [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] were recorded in Geneva between 2012 and 2016. The HUG and the Public Health Service convened an outbreak control team on 2 August to conduct investigations and control the outbreak of Legionnaires' disease.
Materials and methods
An active surveillance system to identify cases of Legionnaires' disease was implemented in the HUG and information letters were sent to all general practitioners and clinics in Geneva. The Public Health Service reviewed cases reported in Geneva since 1 May 2017 (in Switzerland, cases of Legionnaires' disease are mandatorily notified) and searched for cases associated with travel to Geneva through the European Legionnaires' Disease Surveillance Network (ELDSNet).
Case definitions
Legionnaires' disease cases were defined according to the Swiss and European (ELDSNet) case definition [7, 8] . Probable cases were defined as individuals meeting clinical (pneumonia) and epidemiological (environmental exposure to the Canton of Geneva with a history of living, working or visiting Geneva from 1 May 2017) criteria, and at least one microbiological criterion for a probable case. Confirmed cases meet clinical, epidemiological and at least one microbiological criterion for a confirmed case. Cases were classified as travel-associated if the individual stayed in accommodation away from home 2 to 10 days prior to developing symptoms. Cases were classified as nosocomial if they stayed in a hospital or healthcare facility 2 to 10 days prior to developing symptoms.
Epidemiological investigations
All cases (and/or their relatives) were interviewed by three dedicated investigators with a standard questionnaire comprising details of residential and working addresses, occupation, transportation and places visited (duration and frequency of visits) in the two weeks preceding symptom onset. The geographical distribution of home addresses was determined using R (R-3.3.3, ggmap, ggplot2).
Environmental investigations
The Public Health Service and the Official Food and Veterinary Control Authority of Geneva conducted environmental investigations. Possible airborne sources (including declared cooling towers of wet cooling systems) in Geneva were mapped and inspected, and water samples were collected for microbiological analyses. Meteorological data in Geneva from 1 June to 31 August 2017, in particular temperature and humidity data, were obtained through the Federal Office of Meteorology and Climatology MeteoSwiss [9] .
Laboratory investigations
During the active surveillance period, from 2-18 August, clinicians in the HUG were asked to perform, whenever possible, (on all suspected Legionnaires' disease cases) an L. pneumophila urinary rapid antigen test (Sofia Quidel, San Diego, CA, USA) and additionally, to collect lower respiratory tract specimens for systematic culture on standard and selective media (BCYE and BMPA, Oxoid), and for Legionella polymerase chain-reaction (PCR) assays (FTD Atypical CAP, Fast-Track Diagnostics, Luxembourg).
To compare the performance of the L. pneumophila urinary antigen rapid tests, all available -20°C stored urine samples collected during the outbreak were analysed with a BinaxNow assay (Alere). The tests were performed according to the manufacturers' instructions. Clinical and environmental isolates were then sent to the Reference Centre for Legionella in Bellinzona for monoclonal antibody subtyping (mAbs) and sequenced-based typing (SBT). For culture-negative but PCR-positive clinical samples, extracted DNA samples were also sent to the Reference Centre for further analysis. The Dresden Panel [10] was used for mAbs; SBT [11, 12] and nested-SBT [13, 14] were performed as previously described.
Results

Descriptive epidemiology
The review of previous notifications starting on 1 May 2017, as well as case tracing in the areas neighbouring Geneva, allowed the identification of 34 cases overall. Based on the epidemic curve ( fig. 1 ), the outbreak started on the third week of June 2017 (the first patient presented with onset of symptoms on 20 June 20) and reached a peak between 25 July and 6 August. The outbreak ended in the third week of September (the last case presented with onset of symptoms on 12 September and diagnosis was confirmed on 16 September) ( fig. 1 ). The epidemic curve ( fig.  1) demonstrates that in the last week of September, the incidence returned to baseline (considering a mean of 1.62 cases, range: 1.33-2.16 cases, notified per month between 2012 and 2016 in Geneva). We thus consider the end of that month as the point at which the outbreak ended.
The Geneva community outbreak resulted in 34 confirmed Legionnaires' disease cases, including 28 patients living in the Canton of Geneva and 6 cases in neighbouring France or other cantons, but all with an epidemiological exposure to Geneva. The median age of patients was 62 years (range 18-97), 76.5% (n = 26) were males, and the overall casefatality rate was 8.8% (3/34). Eighteen patients (52.9%) were smokers or ex-smokers and nine (26.5%) had no co-morbidity. All confirmed cases received macrolide-or quinolone-based therapy. For the 26/34 (76.5%) patients with completely available medical information, characteristics are summarised in table 1. During the outbreak period, we also identified one case as travel-associated to Spain (deceased patient) and one as a possible healthcare-acquired case ( fig. 1) . No cases of Legionnaires' disease associated with travel to Geneva was reported by ELDSNet.
The evaluation of the meteorological conditions from Geneva showed that the mean temperatures were on average 3.2, 1.2 and 1.7°C above the climatological mean (1981-2010) during June, July and August, respectively, in association with stormy conditions in late July and early August. A heat wave was recorded in the Geneva area from 19-24 June, with the third highest mean temperature recorded since 1864. fig. 2) .
Comparison of two urinary antigen rapid tests
Of the 38 available urine samples which were positive with the Sofia assay, 29 (76%) were positive with the BinaxNow assay, 2 samples were invalid (control line absent) and 7 samples were negative (table 2). All negative samples with the Sofia assay were negative with the BinaxNow. Repetition of the discordant results yielded similar results for the Sofia assay, whereas three samples were found positive with the BinaxNow assay (two invalid and one negative results) (table 2). 
Outbreak management
Case interviews identified overlapping locations and local travel routes pointing to the Pâquis-Cornavin city area for 25/34 (73.5%) cases, comprising 13 residents, 2 workers and 10 visitors (people attending cafés, restaurants, shops or having regular activities in the area for more than two hours per day) ( fig. 2 ). Measures were thus first taken in this area from 9-11 August, with sampling in 12 cooling towers at 7 sites, followed by disinfection procedures on 11 August. The sampled cultures of two cooling towers revealed concentrations of L. pneumophila (1.5×10 6 CFU/l and 3×10
3 CFU/l in the samples of cooling towers numbers 1 and 2, respectively) above the threshold at which resampling, maintenance and disinfection procedures are recommended by Swiss regulations [8] . mAbs and SBT of several colonies isolated from the two environmental samples revealed the presence of L. pneumophila serogroup 1 subgroup OLDA ST1, discordant from the clinical subtypes (12 morphologically different colonies from samples of cooling tower number 1 and the only three colonies from samples of cooling tower number 2 were analysed after isolation on GVPC (Biomerieux) specific culture media and thermic treatment). Water sampling of Lake Geneva and the drinking water network did not reveal concentrations of Legionella spp. above recommended limits and thus no specific measures were implemented for the use of these water sources.
Discussion
According to the Swiss Federal Office of Public Health, this was the largest documented community-associated outbreak of Legionnaires' disease in Switzerland to date, with a total of 34 confirmed cases attributed to the outbreak. Case interviews provided information for the rapid identification of a possible source area at Pâquis-Cornavin, a highly frequented area in which patients were possibly exposed to an environmental source, and in which investigations and control measures have been rapidly performed.
All patients with L. pneumophila serogroup 1 ST23 had an exposure to the Pâquis-Cornavin area. Timely collection of lower respiratory tract specimens and environmental samplings did not allow the identification of a common source (e.g. cooling tower). The absence of an exhaustive register of at-risk water systems in Geneva could have contributed to these inconclusive results. The incidence of Legionnaires' disease has been previously associated with specific meteorological conditions of high temperature and humidity [15] [16] [17] . Such weather conditions, reported in Geneva before and during this outbreak, could have contributed to the occurrence of Legionnaires' disease cases. Outbreak control was achieved possibly by both the specific control measures implemented (enhanced disinfection of cooling towers in the Pâquis-Cornavin area) and changes in meteorological conditions (lower temperatures), or other unidentified reasons.
The use of PCR assays allowed identification of 2/2 (100%) of urinary antigen negative Legionnaires' disease cases. Furthermore, partial and complete subtype profiles could be identified in 4/5 and 1/5 cases with culture negative samples respectively. Subtyping and SBT analysis of 12 clinical strains revealed at least 5 different subtypes: these results could reflect the diversity of Legionella subtypes among patients and in environmental sources, particularly after disinfection measures [1, 2] . The L. pneumophila serogroup 1 ST23 sequence type, which has been previously described in other outbreaks and sporadic community cases in Europe [18, 19] , was the predominant subtype identified in clinical samples. L. pneumophila serogroup 3, a serogroup notably described in nosocomial cases and immunocompromised patients [20, 21] , was identified in two clinical samples: one patient with idiopathic pulmonary fibrosis and another with lung cancer.
Whole genome sequencing (WGS) has recently been used in several studies with single nucleotide polymorphism (SNP) based, core-genome based and pan-genome based analysis and could provide better identification of clinical isolates of an outbreak and environmental isolates when compared to the gold standard SBT method [22] [23] [24] [25] . The use of WGS on the clinical isolates of this outbreak could be of particular interest to obtain further clarification into the relatedness of cases.
Finally, our results confirmed that the Sofia test exhibits higher sensitivity than the BinaxNow, as reported in recent studies [26, 27] .
A limitation of this study is the possible underestimation of cases, particularly among outpatients who possibly received adequate empiric treatment without a diagnostic test.
Conclusion
We report the largest community outbreak of This study highlights the importance of lower respiratory sample collection and the use of multiple diagnostic tools. In particular, the use of PCR with nested-SBT analysis to complement culture should be considered in future outbreaks of Legionnaires' disease.
